Here, we address the regulation of microtubule nucleation during interphase by genetically ablating one, or two, of three major mammalian c-TuRC-binding factors namely pericentrin, CDK5Rap2, and AKAP450. Unexpectedly, we find that while all of them participate in microtubule nucleation at the Golgi apparatus, they only modestly contribute at the centrosome where CEP192 has a more predominant function. We also show that inhibiting microtubule nucleation at the Golgi does not affect centrosomal activity, whereas manipulating the number of centrosomes with centrinone modifies microtubule nucleation activity of the Golgi apparatus. In centrosome-free cells, inhibition of Golgi-based microtubule nucleation triggers pericentrin-dependent formation of cytoplasmicnucleating structures. Further depletion of pericentrin under these conditions leads to the generation of individual microtubules in a c-tubulin-dependent manner. In all cases, a conspicuous MT network forms. Strikingly, centrosome loss increases microtubule number independently of where they were growing from. Our results lead to an unexpected view of the interphase centrosome that would control microtubule network organization not only by nucleating microtubules, but also by modulating the activity of alternative microtubule-organizing centers.
Introduction
The centrosome has been traditionally considered as the major microtubule (MT)-organizing center (MTOC) of animal cells. It consists of a pair of centrioles organizing a matrix, the pericentriolar material (PCM), where MT nucleation and anchoring activities are localized [1] . In the last years, it has become increasingly clear that MT nucleation also takes place in other subcellular locations [2, 3] . During interphase, the Golgi apparatus (GA) is an active MTOC in many cell types [4, 5] , and during mitosis, spindle MTs and kinetochores also act as additional MTOCs [6] .
An increasing body of data indicates that MT nucleation activities of the centrosome and the GA are coordinately regulated. For example, during G2-M transition, the centrosome gains MT nucleation activity [7] , while MT nucleation activity of the GA is lost [8] . The process is reversed after mitotic exit when MT-nucleating activity of the GA is fully recovered. Down-regulation of centrosome-associated MT nucleation activity, or even centrosome loss, is also observed during cell differentiation [9] , while that of the GA becomes dominant, as occurs for example in neurons, skeletal muscles, or pancreatic b-cells [9] [10] [11] [12] [13] . The molecular mechanisms underlying the coordination between these two MTOCs remain however mostly unexplored.
Microtubule nucleation primarily relies on c-tubulin and its associated proteins (GCP2-GCP6). In higher eukaryotes, these proteins form ring-shaped complexes known as c-TuRCs that serve as scaffolds for tubulin dimers in order to promote MT polymerization [14] . Efficient c-tubulin-mediated MT nucleation depends however on additional regulatory factors that activate or target c-TuRCs to MTOCs [15] . Binding of c-TuRCs to the centrosome appears to be mediated by a large number of factors. Among them, four mammalian proteins, pericentrin (PCNT) and its paralog AKAP450 (also known as AKAP350 or CG-NAP) and CDK5Rap2 (CEP215) and its paralog myomegalin, contain conserved, yet degenerate, motifs for c-tubulin binding [15] and have been shown to bind c-tubulin in vitro [16] [17] [18] [19] . Based on these features, these proteins have been traditionally considered c-TuRC receptors, and it has been generally assumed that they play a role in MT nucleation at the centrosome. However, direct evidence supporting this view is scarce, especially during interphase. Other centrosomal proteins such as CEP192 [20] , MZT1 [21] , and NEDD1 [22, 23] have also been reported to participate in c-TuRC recruitment and MT nucleation.
In addition to the centrosome, AKAP450, CDK5Rap2, and myomegalin do also localize at the cis-face of the GA in most cells [19, [24] [25] [26] , whereas PCNT has only been detected at the GA of skeletal muscle fibers so far [11] . The key factor for MT nucleation at the GA has been proven to be AKAP450. Indeed, siRNA-driven knock-down, gene knock-out, or dissociation of AKAP450 from the GA completely abolishes Golgi-associated MT nucleation [24, 27, 28] . CDK5Rap2 and myomegalin, recruited to the GA by AKAP450, appear to facilitate MT assembly by providing MT stabilization/ anchoring activities [18, 28] . In addition to these players, assembly of Golgi-associated MTs requires the dynein/dynactin complex [24, 27] and the MT-binding proteins CLASPs [5] . Other proteins such as microtubule-cross-linking factor 1 (MTCL1) that binds both AKAP450 and CLASPs [29] and calmodulin-regulated spectrinassociated protein family member 2 (CAMSAP2) that binds myomegalin 8 [28] and EBs proteins [30] also participate in the dynamics of GA-nucleated MTs.
How cells specifically regulate GA or centrosome MT nucleation during interphase and how these MT-nucleating activities are coordinated are questions that need to be better understood. Recently, the catalytic subunit of DNA polymerase d (PolD1) has been shown to bind c-TuRC and to potently inhibit c-TuRC-mediated MT nucleation. Intriguingly, PolD1 regulates MT nucleation at the GA without affecting the centrosome activity [31] . Loss of centrosomes induced by the PLK4 inhibitor centrinone [32] has been reported to increase c-tubulin recruitment to the GA although, quite surprisingly, MTs at the GA in such conditions remained unperturbed [28] .
To gain further insights into a possible crosstalk between the centrosome and the GA, we focused on proteins shared by both organelles, that is, PCNT, AKAP450, and CDK5Rap2. Myomegalin was not included in this analysis since several isoforms are present at the centrosome [19] , and suitable tools for a thorough analysis are lacking except for the GA-associated MM8 isoform [28] . We have generated single and double hTERT-RPE1 knock-out (KO) cell lines of the three proteins. The characterization of mutant cell lines has revealed an important role of all these proteins in regulating GA-mediated MT nucleation and only a minor contribution to centrosomal MT nucleation. The latter seems to be more dependent of CEP192 and of uncharacterized mechanisms. We have also used the Plk4-specific inhibitor centrinone to alter centriole number [32] . By combining these tools, we have shown that MT nucleation appears as a hierarchically regulated process, the centrosome controlling MT nucleation at other subcellular locations. Strikingly, in the absence of activity at the two main nucleating centers-the centrosome and the GA-a MT cytoskeleton fills the cell, but is poorly organized. Our results support a model for normal MT network organization in animal cells during interphase, in which the centrosome exerts its nucleating activity while negatively regulates that of the GA and inhibits assembly in the cytosol.
Results

Characterization of CRISPR-Cas9-induced knock-out hTERT-RPE1 cell lines
In order to achieve selective inhibition of MT nucleation either from the GA or the centrosome, we generated single or double hTERT-RPE1 knock-out (KO) cell lines targeting the AKAP450, CDK5Rap2, and/or PCNTB/kendrin (PCNT hereafter) proteins. Each of these mutant cell lines was generated by CRISPR/Cas9 nickase-mediated mutagenesis. To improve the efficiency and specificity of this process, we developed a vector containing two cloning sites for two single guide RNAs (sgRNAs; see Appendix Fig S1A and Materials and Methods for details). These sgRNAs were designed to target the first exons of each protein (exons 2, 1, and 5 for the akap450, cdk5rap2, and pcnt genes, respectively, Appendix Fig S1B) . KO cells for each gene were initially identified by immunofluorescence (IF) analysis, and, after clonal expansion, the targeted genomic regions of the selected KO clones were sequenced. Sequence analysis confirmed that the mutations introduced produced premature stop codons in both alleles of the respective gene. The amino acid sequence of the putative truncated polypeptides expressed in the KO clones, if any, is depicted in Appendix Fig S2A-H . However, the generations of these peptides are likely to be negligible since the mRNA expression of these genes was diminished approximately 90% in the KO cells when assessed by qPCR using different pairs of primers for each gene (Fig EV1) , consistent with transcript degradation by 5 0 -3 0 nonsense-mediated mRNA decay [33] . Notably, the viability of the KO cell lines was not compromised in any way. At least two KO clones of each mutated gene were selected for further characterization in Western blots (WB) and by IF, using four anti-AKAP450, four anti-PCNT, and three anti-CDK5Rap2 antibodies that recognized epitopes distributed all over the respective protein sequence (see Fig 1A) . Although raised against the N-terminal part of AKAP450 (marked Av), the polyclonal anti-AKAP450 Aviva antibody also recognized the third quarter of the protein (marked Av*, see Fig EV1E) . The SC3-1 and SC3-2 anti-CDK5Rap2 polyclonal antibodies were generated and characterized in house (see Fig EV2A and B, and Materials and Methods). In WBs probed with any of the antibodies tested, no protein signal was detected in extracts of akap450 KO (akap KO), pcnt KO, and cdk5rap2 KO (c5rap2 KO) cell lines (Figs 1B and EV2A-C). Similarly, there was no specific IF signal obtained with any of the anti-PCNT or anti-CDK5Rap2 antibodies in KO clones, further demonstrating the loss of both proteins (Figs 1C and EV2E and F) . Likewise, no AKAP450 signal was observed in akap450 KO mutant cells probed with the antibodies recognizing either the N-terminus (named 7/AK), the central part (named A24), or the C-terminus (named Ct-AK) of the protein (Fig EV2D) . However, residual centrosomal labeling was detected with the polyclonal Av antiserum, probably due to the cross-reaction of this antiserum with a centrosomal epitope rather than to the expression of a minor centrosomal isoform of the protein. Indeed, the antibody Ct-AK that recognizes the centrosomal targeting sequence did not reveal any signal at the centrosome in KO clones. Moreover, rabbit pre-immune sera frequently contain anti-centrosome antibodies. Finally, the qPCR data also supported this hypothesis. Thus, as far as we can tell, the KO cell lines generated appear to be suitable for our purposes.
To generate the pcnt/akap450 and pcnt/cdk5rap2 double KO cell lines, pcnt KO cells were transfected with the plasmids used to mutate AKAP450 or CDK5Rap2, respectively. The double KO clones were identified and characterized as above, and both the double pcnt/akap450 (pc-ak-2KO) and pcnt/cdk5rap2 (pc-c5-2KO) KO cells lacked their respective mutated proteins as revealed by IF (Fig 1C) and WB ( Fig 1D) . As AKAP450, PCNT, and CDK5Rap2 interact in vivo [17] , the absence of one of them might affect the protein levels of the other proteins. However, depletion of PCNT or CDK5Rap2 alone, or together in the pcnt/cdk5rap2 KO cells, only 
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CDK5Rap2-(Mi) modestly affected the amount of the other proteins (ranging from 90 to 125%: Fig 1E) . However, akap450 KO cells did contain significantly less CDK5Rap2 (60%), an effect that was enhanced dramatically by the further depletion of PCNT. Under these conditions, CDK5Rap2 was almost completely depleted, and thus, the stability of CDK5Rap2 might depend on its interaction with AKAP450 and/or PCNT.
The role of the three canonical c-TuRC-binding factors in MT nucleation
To evaluate the effect of inhibiting GA-associated MT nucleation on centrosomal MTOC activity, we analyzed akap450 KO cells. As expected from previous work [24] , these cells did not nucleate MTs from the GA, but they still exhibited centrosomal asters in MT regrowth experiments after nocodazole (NZ)-induced MT depolymerization. The MTOC activity of the centrosome under these conditions was quantified through two complementary approaches. First, we scored EB1 comets surrounding the centrosome as a measure of newly nucleated MTs (Fig 2A and B) . Second, we determined the MT density of the centrosomal aster after a short NZ washout (Fig 2C and D) . Since MT dynamics is very sensitive to time and temperature conditions, we performed regrowth experiments in mixed populations of WT and KO cells. Only slight differences between WT-and AKAP450-depleted cells were detected using either of these methods (96 and 98%, respectively; Fig 2B and  D) indicating that inhibition of GA-mediated MT nucleation does not significantly affect centrosomal MT nucleation activity. Thus, it appears that the centrosome functions as an autonomous MTOC. These data also reveal that AKAP450 is dispensable for MT nucleation at the centrosome.
To evaluate the contribution of the other canonical c-TuRCbinding factors to centrosomal MT nucleation, we analyzed single cdk5rap2 and pcnt KO cells, as well as the double PCNT/AKAP450-and PCNT/CDK5Rap2-depleted cell lines (Fig 2A-D) . Cells lacking either CDK5Rap2 or PCNT exhibited almost normal MT nucleation from the centrosome (90 and 86%, and 88 and 85%, respectively; see Fig 2B and D) . Even in dual pcnt/akap450 KO cells, in which CDK5Rap2 was also strongly diminished (see Fig 1E) , MT nucleation at the centrosome was only reduced by approximately 10% (90 and 94%, respectively; Fig 2B and D) . Since myomegalin is released from the centrosome in the absence of AKAP450 [19] , we concluded from these results that MT nucleation at the centrosome is only modestly affected by the absence of all four canonical cTuRC-binding factors. This unexpected result prompted us to examine the contribution of another key c-TuRC-recruiting factor to centrosomal MT nucleation, namely CEP192. We first tried to generate CRISPR/Cas9-mediated cep192 KO cells. However, although we were able to identify cells lacking CEP192 labeling just after transfection, we failed to obtain cep192 KO stable cell lines. Therefore, we decided to assess the role of CEP192 in MT nucleation by siRNA (Fig EV3) . When the EB1 comets ( Fig 2E) and MT regrowth after NZ removal ( Fig 2G) were quantified in cells in which CEP192 was silenced, MT nucleation from the centrosome was reduced by 27 and 31%, respectively (Fig 2F and H) . CEP192 depletion in double pcnt/akap450 KO cells, that also lack CDK5Rap2, further reduced centrosomal MT nucleation with respect to the WT cells (a 41.2 and 59.3% decrease, respectively). These results revealed a significant role of CEP192 in centrosomal MT nucleation during interphase which, together with the canonical c-TURC-binding factors, is responsible for more than 50% of centrosomal MT nucleation.
Recovery from NZ treatment was also used to analyze the impact of genetic ablation of c-TuRC-binding proteins on MT nucleation at the GA. Quantification of the EB1 signal associated with elements of the GA showed a moderate decrease in GA-associated MT nucleation (a 27% decrease) in cdk5rap2 KO cells compared to WT cells (Fig 2I and J) consistent with earlier data [28] . Remarkably, while PCNT is only detected weakly at the GA in WT RPE-1 cells, we noticed a significant increase in GA-associated MT nucleation in cells lacking PCNT (143%; Fig 2J) . The molecular basis for this result is explored further below, yet nevertheless, we conclude that MT nucleation at the GA is strictly dependent on AKAP450, whereas it is facilitated by CDK5Rap2 and negatively regulated by PCNT.
Together, these data demonstrate that canonical c-TuRCbinding proteins control GA-associated MT nucleation, while they only contribute mildly to centrosomal MT nucleation, which is more dependent on CEP192 and on additional uncharacterized mechanisms. However, why the four canonical c-TuRC-binding factors are recruited to the centrosome despite their minor contribution to centrosomal nucleation remains an important question. Data information: GM130 was used as a loading control in (B and D). Hsp70 was used as a loading control in (E). For statistical analysis, we used one-way ANOVA followed by Dunnett's multiple comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; n.s., non-significant. Source data are available online for this figure.
**** **** (Fig 3A and B) . However, unlike data reported in HeLa cells [17] , we failed to co-immunoprecipitate AKAP450 with PCNT and vice versa (Fig 3B and data not shown) . Hence, RPE1 cells contain at least two kinds of c-TuRC-binding complexes, one formed by PCNT-CDK5Rap2-c-tubulin and the other by AKAP450-CDK5Rap2-c-tubulin (see schemes in Fig 3J) .
We assessed the intracellular distribution of these complexes in either WT or KO cells by IF. Since the GA usually surrounds the centrosome in RPE-1 cells, centrosome-and GA-associated protein pools frequently overlap. To circumvent this problem, cells were treated with NZ to fragment the GA and disperse the Golgi elements throughout the cytoplasm prior to performing IF. Notably, AKAP450 depletion resulted in a 1.5-fold increase in PCNT at the centrosome (Fig 3C) , and reciprocally, depletion of PCNT augmented AKAP450 to a similar extent (Fig 3D) . Hence, AKAP450 and PCNT appear to target the centrosome independently, suggesting that they compete for centrosome binding, the absence of one favoring the accumulation of the other. Since both AKAP450 and PCNT share a common C-terminal centrosome-docking domain, the PACT domain, one possibility is that PCNT and AKAP450 compete for PACT domain-binding sites at the PCM.
CDK5Rap2 depletion did not affect either AKAP450 or PCNT binding to the centrosome, indicating that this protein lies downstream of the association of these proteins with the PCM (Fig 3E) . Finally, the loss of PCNT greatly reduced (60%) CDK5Rap2 binding to the centrosome (Fig 3F) , although this increased slightly in akap450 KO cells. No CDK5Rap2 staining at the centrosome was observed in double pcnt/akap450 KO cells. However, there was a dramatic reduction in the total CDK5Rap2 under these conditions ( Fig 3F and see Fig 1E) .
To assess the relative contributions of all these factors to the centrosomal localization of c-tubulin, we quantified the c-tubulin IF signal in the WT and mutant cell lines. Interestingly, the loss of AKAP450 enhanced the binding of c-tubulin to the centrosome by 21%, while the loss of PCNT reduced its binding by the same amount ( Fig 3G) . The loss of CDK5Rap2 did not affect centrosomal c-tubulin levels (99%), and more strikingly, the centrosomal c-tubulin in the two double KO cell lines was similar to that in the WT cells (104 and 95%, respectively; Fig 3G) . These results indicate that depletion of the three main canonical c-TuRCs from the interphase centrosome (AKAP450, PCNT, and CDK5Rap2) does not severely compromise c-tubulin centrosomal recruitment, consistent with the absence of significant changes in centrosomal MT nucleation (see Fig 2) . Conversely, considerable centrosomal c-tubulin was redistributed after CEP192 depletion (38%; Fig 3H) , which was more evident in CEP192-depleted double pcnt/akap450 KO cells (54%; Fig 3H) .
Finally, our data confirmed the distribution of these proteins at the GA reported previously [25] indicating that CDK5Rap2 is recruited to the GA through its interaction with AKAP450 (not shown). Punctate PCNT staining in the GA area did not co-localize precisely with Golgi markers in our experimental conditions (see Fig 5A) . However, in agreement with the increase in GA-mediated MT nucleation described above (Fig 2) , there was a modest increase in AKAP450 labeling at the Golgi membrane in pcnt KO cells (108%), in conjunction with a considerable increase in Golgi-associated CDK5Rap2 (144%; Fig 3I) .
A cartoon summarizing the behavior of the different c-TuRCbinding protein complexes studied here is presented in Fig 3J. Our results support the existence of at least two types of protein complexes: those containing AKAP450 and CDK5Rap2 (AKAP450-based complexes) that are present at both the GA and the centrosome; and those formed by PCNT and CDK5Rap2 (PCNT-based complexes) that specifically localize to the centrosome. When AKAP450 is depleted, we detected higher levels of PCNT at the centrosome that might account for the increase in centrosomal c-tubulin observed. In the absence of PCNT, there is less c-tubulin at the centrosome in conjunction with increased AKAP450. The loss of PCNT also stimulated CDK5Rap2 recruitment to the GA, which could explain the increment in GA-mediated MT nucleation.
The role of the centrosome in GA-mediated MT nucleation
While depleting canonical c-TuRC-binding factors was successful to assess the impact of inactivating GA-mediated MT nucleation on A Confocal images of WT, akap KO, c5rap2 KO, pcnt KO, pc-ak-2KO, and pc-c5-2KO cells stained for EB1 (green) and the centrosomal protein CAP350 (red). Highmagnification single-channel images of selected areas are shown at right. B Scatter plot showing quantification of EB1 comets from three independent experiments as that shown in (A). A region of interest of 3 lm radius around the CAP350 signal was used to count the number of comets. Horizontal black lines represent the mean. C MT regrowth experiments of WT cells mixed with either WT (as a control), akap KO, c5rap2 KO, pcnt KO, pc-ak-2KO, or pc-c5-2KO cells. Samples were fixed 3 min after NZ washout and stained for EB1 (green) and the indicated protein in the red channel. D Quantification of EB1 signal intensity around the centrosome from three experiments as that shown in (C). E WT and pc-ak-2KO cells were transfected with a combination of three siRNAs against CEP192, fixed, and triple-labeled for EB1, CEP192, and CAP350, as a centrosomal marker. Scramble siRNA was used as a control. F EB1 comets around the centrosome were quantified as in (A). G Three-minute MT regrowth experiments in WT and pc-ak-2KO cells transfected with either scramble or CEP192 siRNAs. H Quantification of the EB1 signal intensity around the centrosome as in (D). I MT regrowth experiments in WT and c5rap2 KO or pcnt KO cells. Cells were stained as indicated. Arrows point the centrosome. J Quantification of EB1 signal intensity at Golgi membranes.
Data information: Data were collected from three independent experiments and normalized to WT mean. For statistical analysis in (A-H), we used one-way ANOVA followed by Dunnett's multiple comparisons test, and for statistical analysis of (J), unpaired two-tailed Student's t-test was employed. ***P < 0.001 and ****P < 0.0001. WT pcnt KO
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c5rap2 KO **** **** **** centrosome activity, we did not find experimental conditions that allowed us to block, or even significantly diminish, centrosomal MT nucleation without affecting GA MT nucleation. Therefore, we employed an alternative approach using the PLK4 inhibitor centrinone, which blocks centriole duplication and induces the loss of the centrosome [32] . This approach can also generate cells with extra centrosomes, as removal of the inhibitor triggers a wave of centrosome duplication [32] . When cells lacking the centrosome were subjected to MT regrowth for 3 min after NZ-induced MT disassembly, virtually all MTs grew as asters from scattered Golgi elements (Fig 4A) . To assess the changes in MT-nucleating activity of the GA upon the loss of the centrosome, we used software that automatically identifies individual Golgi elements, as well as MTs growing from each of these elements (see cartoon in Fig 4B) . Individual cells were defined before the analysis, and the centrosome of control cells was also identified and excluded from the analysis. Quantification of more than 50 control or centrinone-treated centrosome-less cells revealed that in the absence of centrosomes, there was a threefold increase in the number of GA-associated growing MTs per cell (42.7 MTs/ control cell versus 118.6 MTs/centrinone-treated cell; Fig 4C) . A detailed analysis revealed that the number of MTs nucleated from each Golgi element increased from 1.9 to 3.7 and that the number of nucleating Golgi elements per cell increased 1.3-fold in centrosomeless cells (24.3 versus 31.6; Fig 4C) . To rule out that this were a direct effect of PLK4 inhibition on the MT-nucleating activity of the GA, we performed similar polymerization experiments in cells harboring a normal centrosome number but treated with centrinone for 3 or 12 h. Exposure to centrinone did not produce any differences relative to the control cells (Fig EV4A) , confirming that the increase in the MT-nucleating activity of the GA in centrinonetreated cells was a consequence of centrosome loss.
We then performed similar experiments 48 h after removal of the drug, with centrinone washout resulting in transient hyper-activation of PLK4 that provokes the generation of multiple centrosomes [32] . Newly formed centrosomes actively recruited c-tubulin and nucleated MTs (Fig 4D) , whereas the capacity of the GA to bind ctubulin and to promote MT nucleation was markedly dampened in these conditions. To quantify this phenotype, we determined the percentage of cells containing two (control), none (centrinonetreated), six, or more than eight centrosomes (centrinone washout), in which MT nucleation at the GA was inhibited (Fig 4E) . Centrosomes were identified by CEP63 staining. Fifty-seven percent of the cells containing six centrosomes did not nucleate MTs from the GA. This inhibitory effect was even stronger in cells containing more than eight centrosomes (63%). Thus, the high number of MT-nucleating centrosomes under these conditions appears to dramatically reduce the capacity of Golgi membranes to efficiently assemble MTs.
In summary, the GA MT nucleation activity is not only dependent of the presence of a centrosome but also, it is affected by an extra number of centrosomes. Thus, the MT-nucleating capacity of the GA during interphase is sensitive to aberrant numbers of centrosomes, which might be relevant for a number of pathological disorders in which such conditions arise.
Recruitment of c-TuRC-binding factors to the GA in the absence of the centrosome To identify the factor(s) involved in the enhanced GA-mediated MT nucleation in the absence of the centrosome, we first examined the distribution of AKAP450, CDK5Rap2, and PCNT in centrinonetreated cells by IF (Fig 5A) . Consistent with earlier data [32] , the GA exhibited a normal morphology and location despite the absence of the centrosome (Fig 5A) , and AKAP450 staining and CDK5Rap2 staining were also apparently unchanged. However, PCNT labeling was redistributed as numerous spots concentrating around the GA rather than it associating with the PCM as in control cells (Fig 5A) . Importantly, we did not observe any accumulation of CEP192 at the GA in cells lacking centrosomes (Fig 5A) , indicating that the association of PCNT with Golgi membranes in the absence of centrioles is not due to a general redistribution of the entire PCM to the GA but rather, that is a specific effect on a subset of proteins.
Closer examination and quantification after NZ-induced MT disassembly revealed that levels of Golgi-bound AKAP450 and CDK5Rap2 increased 1.5-fold in centrinone-treated cells (a 151 and 154% increase, respectively). The accumulation of PCNT at the GA in centrosome-less cells was more spectacular (> 8,000%: Fig 5B  and C) . MT regrowth experiments revealed that PCNT specifically localized to Golgi-associated MT nucleation foci, where AKAP450, CDK5Rap2, and c-tubulin also accumulated (Fig 5D) . These observations suggest that in the absence of the centrosome, all these proteins can form large protein complexes at the surface of cis-Golgi membranes.
We next wondered how PCNT, which does not visibly bind to Golgi membranes under normal conditions, associates with the GA Data information: Data were collected from three independent experiments except for (E and I), which are based on two independent experiments, and normalized to WT mean. For statistical analysis (C-H), we used one-way ANOVA followed by Dunnett's multiple comparisons test, and for statistical analysis of (J), two-tailed Student's t-test was employed. ****P < 0.0001. Scale bars, 5 lm. Source data are available online for this figure.
in centrosome-less cells. We analyzed this question by assessing the distribution of these proteins in pcnt, cdk5rap2, or akap450 KO cells treated with centrinone. It must be noted that after 7 days in the presence of centrinone, cdk5rap2 and pcnt KO cell cultures contained very few cells without the centrosome, probably due to the role of these proteins in mitosis. Consequently, fewer cells could be analyzed in these experiments. The removal of PCNT did not alter the association of CDK5Rap2 with Golgi membranes in centrosome-less cells (Fig 5E) . Likewise, PCNT also remained attached to the GA in the absence of CDK5Rap2 and centrosomes (Fig 5E) . Data information: In (C), data were collected from three independent experiments and normalized to WT mean. For statistical analysis, we used unpaired two-tailed Student's t-test. ***P < 0.001 and ****P < 0.0001. Scale bars, 5 lm. However, in the absence of AKAP450, both PCNT and CDK5Rap2 (Fig 1C) dissociated from the GA (Fig 5E) . These results suggest that in cells lacking centrosomes, PCNT-based complexes redistribute from the PCM to the GA in an AKAP450-dependent manner. Finally, quantification of MTs growing from Golgi elements revealed no significant differences in centrosome-less pcnt KO cells compared to centrosome-less WT cells (Fig 5F) , indicating that PCNT-based complexes did not significantly contribute to the enhanced MTnucleating activity of the GA induced by centrosome loss. Conversely, and as expected, GA-associated MT nucleation was completely inhibited in centrosome-less cells lacking AKAP450 (Fig 5F) .
MT formation in the absence of the centrosome and GA-associated MT nucleation
We then evaluated the impact of inhibiting MT nucleation at both the centrosome and the GA on MT cytoskeleton organization. We focused on centrinone-derived centrosome-less cells lacking AKAP450, cells that contained a cell-wide MT network even though both centrosome-and GA-associated MT nucleation were suppressed (Fig 6A) . Hence, we wanted to determine whether this MT network was generated by spontaneous cytoplasmic MT polymerization or whether it was otherwise nucleated by previously unidentified MTOCs. Surprisingly, short-term MT polymerization experiments revealed MT asters distributed throughout the cytoplasm that did not co-localize with Golgi membranes (Fig 6B) . Indeed, 3 h after NZ washout dense, non-radial and highly abnormal MT networks were evident (Fig EV4B) .
To identify and characterize the structures responsible for MT nucleation under these conditions, we tested a panel of antibodies against PCM proteins, minus-end anchoring proteins, and centrioleassociated proteins (listed in Fig 6C) . As such, we found that these structures consistently contained PCNT, CDK5Rap2, and c-tubulin, but they lacked CEP192 and, in the vast majority of cases, PCM1 (Fig 6D) . The MT-anchoring protein CAP350 was also absent from these structures, while the presence of ninein depended on the size of the structure and it was only detected in some of the larger ones (Fig 6D) . None of the centriole markers tested were evident in these structures, such as centrin-2, CEP63, CP110 (Fig 6D) , CEP135, CNAP-1, and centrobin (Fig EV4C) . Therefore, these cytoplasmic structures appear to be similar to centrosomal PCNT-based complexes, although they are fully capable of nucleating and anchoring MTs and thus of generating cell-wide arrays of MTs. Analyzing the dynamics of these structures after NZ washout (Fig EV4D) revealed no significant variation in either their number or size during MT polymerization. Thus, these cytoplasmic aggregates exist both in the absence of MTs and in fully assembled MT networks, indicating that they represent stable MT-nucleating complexes. Since they behave as true stable acentriolar cytoplasmic MTOCs, herein we will refer to these alternative cytoplasmic MTnucleating structures as cMTOCs.
To identify factors required for the formation of the cMTOCs, we performed either CDK5Rap2 or PCNT siRNA experiments on akap450 KO centrosome-less cells (Fig 6E) . Once again, knockingdown CDK5Rap2 did not prevent either the formation of the cMTOCs or MT nucleation from them. By contrast, in the absence of PCNT, neither cMTOCs nor asters of growing MTs could be detected 3 min after NZ washout. We concluded that the absence of a centrosome and MT-nucleating activity associated with the GA does not preclude the formation of a MT cytoskeleton, which is generated by PCNT-and CDK5Rap2-containing cMTOCs.
Strikingly, depletion of PCNT in centrinone-treated akap450 KO cells delayed but did not block MT formation (Fig 6E and F) , yet scattered MTs were visible throughout the cytoplasm 10 min after NZ washout. This pattern of MT polymerization clearly differs from that of cells containing cMTOCs, in which MTs grew as asters (compare top and bottom panels in Fig 6F) . However, in both cases, a disorganized meshwork of MTs completely filled the cytoplasm within 90 min (Fig 6F) .
To gain further insight into these two modes of cytoplasmic MT generation, we performed short NZ washouts in cells lacking AKAP450 and the centrosome, in the presence or absence of PCNT (Fig 6G, as indicated) . Furthermore, we treated the cells with the c-tubulin inhibitor gatastatin that is thought to partially inhibit and delay MT nucleation [34, 35] . Cells were treated with NZ, and after removal of the drug, they were incubated for an additional 10 min on Golgi elements from at least 14 cells were delineated (> 500 elements/experiment), and the intensity of each protein spot associated with each Golgi element was measured. Data were collected from two independent experiments and normalized to WT mean. D MT regrowth experiment after NZ treatment in centrinone-treated cells. High-magnification images at the bottom are representative of a triple staining with a-tubulin (green), GM130 (blue), and the indicated protein (red) and show MTs growing from the surface of the GA. Double labeling without a-tubulin is also shown (top) to allow better visualization of PCM-protein spots on Golgi elements acting as MT nucleation sites (arrowheads). E Centrinone-treated pcnt KO, c5rap2 KO, and akap KO cells were incubated with NZ for 3 h, fixed, and double-labeled for GM130 and either CDK5Rap2 or PCNT as indicated (n = 3). F MT regrowth assay in centrinone-treated WT, pcnt KO, and akap KO RPE-1 cells stained with antibodies to EB1 and giantin. At right, quantification of EB1 intensity at the Golgi membranes in WT and pcnt KO cells treated with centrinone, as a measure of MT nucleation from the GA. Data were collected from two independent experiments and normalized to WT mean. 
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Regulation of microtubule nucleation Maria P Gavilan et al ice before inducing MT regrowth by warming. We confirmed the complete disappearance of MTs by processing cells just before warming ( Fig EV4E) . Emerging MTs were identified by EB1 labeling. As expected, no MT asters were observed in the absence of PCNT, but rather, numerous short randomly located individual EB1 tracks were seen throughout the cytoplasm. MT generation was significantly reduced and delayed by gatastatin treatment (see amplified images in Fig 6G) in both the presence and absence of PCNT, suggesting that ctubulin is involved in both kinds of cytoplasmic MT nucleation.
Regulation of MT number by the centrosome
Finally, we wanted to quantitatively evaluate the effect of manipulating MT nucleation on the overall MT network organization. Thus, we labeled WT, single, and double KO cells, with or without the centrosome, for either a-tubulin or EB1 (Fig 7A and B: On the right of each panel, a cartoon represents the active MT nucleation sites under each condition tested; see also Fig EV5A) . Individual cells were defined, and the MT mass polymer and total EB1 comets were quantified (Fig 7C-F) . The MT mass was estimated by quantifying the total atubulin fluorescence in individual cells under each condition, normalizing the data to the mean signal of WT a-tubulin ( Fig 7C) . As an independent method to quantify MT number, we determined the number of EB1 comets per cell under all conditions (Fig 7D) . In accordance with previous reports [28] , we noted that cells without the centrosome appeared larger than control cells (Fig EV5B) with a 30% increase in cell volume ( Fig EV5C) . As this caused cells without centrosomes to preferentially adhere to larger adhesive micropatterns than control cells (Fig EV5B) , we also determined cell area (Fig 7E) and calculated the MT density under each condition by referring the total MT mass-to-cell surface ratio (Fig 7F) . Depletion of AKAP450, CDK5Rap2, or PCNT, and dual depletion of PCNT-AKAP450 or PCNT-CDK5Rap2, led to minor or virtually no reductions in cell area (a 15, 10, 12, 5, and 2% decrease, respectively; Fig 7E) . Conversely, the loss of centrosomes resulted in a threefold increase in the surface occupied (275.9%) with respect to untreated WT cells. This increase was significantly higher than that in cell volume determined by FACS analysis of centrosome-less RPE-1 cells, suggesting that adhesion to the substrate is altered in centrosome-less cells. Indeed, we observed a similar increase in cell surface in CDK5Rap2-depleted cells (248%) and this was even more pronounced in PCNT-depleted cells (299.8%) in the absence of the centrosome. Centrosome-less akap450 KO cells were also larger than akap450 KO cells containing a centrosome, albeit less strongly (142%). Unfortunately, it was not possible to deplete double knockout cells of their centrosomes. Finally, cells bearing extra centrosomes also increased their size (163.3%). Although additional work is required to further characterize this effect, these results strongly suggest that the number of centrosomes influences cell adhesion.
We also observed changes in MT polymer mass, with AKAP450-and PCNT-depleted cells containing 18 or 9% less MTs than WT cells, respectively. Interestingly, changes in MT polymer mass for these mutants essentially matched those of cell area (Fig 7C and E) . Since KO cells are smaller than WT cells, they ultimately had a similar MT density to WT cells (96.6 and 104%, respectively; Fig 7F) . A more pronounced effect on MT density was observed upon CDK5Rap2 removal (20.9% decrease), possibly due to its proposed effect on MT stabilization (Fig 7C and F) . Strikingly, the dual pcnt/ akap450 and pcnt/cdk5rap2 KO cell lines also exhibited modest changes in cell area or MT polymer mass, resulting in almost normal MT density values (117 and 107%, respectively). Note that the changes in EB1 comet number were essentially identical to those in MT polymer mass (compare Fig 7C and D) .
Nevertheless, these differences were almost negligible when compared with the effect of centrosome loss on the MT network. Indeed, in the absence of the centrosome, MT polymer mass increased fivefold (550%) and the MT density doubled (199.5%; Fig 7C and F) . Centrosome-less akap450 KO and cdk5rap2 KO cells also contained a larger MT mass than the corresponding KO cells with centrosomes (294.1 and 392.8%, respectively: Fig 7C) , which translates to a higher MT density in both cases (207 and 167.6%, respectively). The only exception was for centrinone-treated pcnt KO cells that had a similar MT density to untreated cells (111%) suggesting that PCNT could be instrumental in connecting centrosome loss to MT density. Finally, the number of EB1 comets augmented more than threefold in the absence of centrosomes in both WT and single KO cell lines (Figs 7D and EV5D) .
To test the possibility that the increase in MT density in centrosome-free cells was due to an increase in global tubulin content, we quantified the a-and b-tubulin in WBs of control and centrinonetreated cells. There were no substantial differences in either tubulin isoform when normalized to either the Hsp70 or total protein content (Fig EV5E and F) , suggesting that the absence of centrosome significantly alters the dimer-polymer equilibrium. MT mass polymer 1000 - Together, these results suggest that the centrosome controls the number of MTs per cell, irrespective of where they grow from, that is, from the GA in centrinone-treated cells or from cMTOCs in akap450 KO cells treated with this drug. They also support the notion that the centrosome contributes to the generation of a less dense MT network by restricting global MT nucleation. To confirm this hypothesis, we quantified the same parameters in cells containing a large number of centrosomes induced by washing-out centrinone. Cells with extra centrosomes had 1.5-fold more MT mass (159.4%) and EB1 comets (153.3%) than control cells. However, since their cell area increased by the same proportion, their MT density was similar to that of control cells (97%: Fig 7C-F) . We speculate that the presence of extra centrosomes could not only dampen GA-based MT nucleation (see Fig 4) but also MT nucleation from each individual centrosome in order to control the MT cytoskeleton.
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Discussion
This work aimed to clarify the functional links between the two major MTOCs in interphase mammalian cells, producing novel and rather unexpected results. Firstly, centrosomes from cells lacking the three PCNT, CDK5Rap2, and AKAP450 proteins can still nucleate MTs. The inhibition of MT nucleation at the GA through AKAP450 depletion does not alter centrosome activity. However, eliminating the centrosome stimulates AKAP450-dependent MT nucleation at the GA, whereas the existence of a larger number of centrosomes prevents such activity. Moreover, switching off MT nucleation at the GA in cells lacking centrosomes induces the formation of cytoplasmic complexes containing PCNT, CDK5Rap2, and c-tubulin, which acquire MT-nucleating activity. Further depletion of PCNT under these conditions promotes the generation of individual MTs throughout the cytoplasm and both kinds of cytoplasmic MT nucleation involve c-tubulin. Finally, regardless of where MTs are being nucleated from, centrosome-less cells display a denser MT network than normal, although their a/b-tubulin content is not modified.
The mechanisms behind the apparent hierarchy of MTOCs
The data presented here reveal substantial differences between the role of canonical c-TuRC-binding factors at the centrosome and the GA. The PCNT, AKAP450, or CDK5Rap2 proteins were not required for MT nucleation at the centrosome, and strikingly, centrosomes lacking the three proteins, and probably myomegalin [19] , still nucleated MTs almost normally. Conversely, MT nucleation at the GA was perturbed under all conditions, the effects ranging from complete inhibition in AKAP450-depleted cells to moderate stimulation in cells lacking PCNT. Thus, MT-generating activity at the GA during interphase depends on canonical c-TuRC-binding proteins, unlike centrosomal nucleation. Our data show that CEP192 plays an important role at the centrosome, both under normal conditions and in the absence of the canonical c-TuRC-binding proteins. Notably, the centrosome retained half of its MT-nucleating capacity even under these latter conditions, suggesting that additional mechanisms are likely to operate at the centrosome. Indeed, MT nucleation can be promoted independently of c-tubulin by proteins such as chTOG and TPX2 [36] .
Our results are consistent with studies in different organisms, where PCNT either does not participate in MT nucleation during interphase [37, 38] or it may even inhibit MT nucleation at the centrosome [39] and GA [20] . Moreover, in cells lacking CDK5Rap2, we did not detect any defects in c-TuRC recruitment or MT nucleation at the centrosome, in clear contrast to published data [13, 18, 21] . A more extensive analysis will be necessary to define the true contribution of these c-TuRC-binding proteins to centrosomal function during interphase. Although far from well understood at the mechanistic level, our results suggest that PCNT is possibly an important regulator of the influence exerted by the centrosome over the GA. Indeed, the capacity of the GA to nucleate MTs was stimulated by either PCNT depletion or centrosome loss, although to a different extent. PCNT depletion also prevented the increase in MT density induced by centrosome loss. It is possible that PCNT enables the centrosome to somehow sense MT nucleation at other sites due to its capacity to act as a signaling platform [40] .
Alternative cytoplasmic-nucleating sites
It is notable that when both the centrosome and AKAP450 were lacking, MT nucleation occurs from cytoplasmic MTOCs. These cMTOCs were able to organize a cell-wide MT network, suggesting that they contain all the activities required for the successful formation of MTs. However, of all the centrosomal markers tested, we only detected PCNT, CDK5Rap2, c-tubulin, and sporadically, ninein, which could interact with c-tubulin-containing complexes or with PCNT [41, 42] . Remarkably, PCNT depletion completely inhibited the formation of cMTOCs, indicating a key role for this protein in the genesis of these structures. We speculate that the activity of PCNT as a scaffold protein for the assembly of the PCM reported previously [7] might also affect the formation of these cMTOCs. It should be noted that cMTOC activity is not generally observed in control cells, despite the abundant cytoplasmic pools of PCNT, Data information: Scale bars, 10 lm. Data were collected from three independent experiments and normalized to the untreated WT control. Statistical analysis is shown in Fig EV5D. ª 2018 The Authors EMBO reports e45942 | 2018
CDK5Rap2, and c-tubulin. Conceivably, the recruitment of PCNT or CDK5Rap2 to the GA that is observed in centrosome-less cells containing an active GA-MTOC could correspond to complexes formed from the cytosolic pool of these proteins upon the suppression of the centrosome, and these complexes may be further sequestered by the GA. Cytoplasmic MT nucleation foci were detected in early blastomeres of mouse embryos which lack centrioles and in Drosophila embryonic mitoses after centrosome inactivation [43, 44] . In addition, acentriolar cytoplasmic MT-nucleating structures have been observed in centrosome-less human cells depleted of the ubiquitin ligase, TRIM37 [45] , or in cells depleted of AKAP450 and CAMSAP2 that lack centrosomes [28] . However, these acentriolar entities clearly differ in both composition and structure from the cMTOCs reported here (see also Refs 46, 47) . In any case, these observations do reveal the ability of PCM proteins to assemble into different kinds of MT-nucleating complexes when the centrosome is absent. The possibility that GA-associated MT nucleation might also be down-regulated physiologically, leading to the formation of cytoplasmic MTOCs, is so far mere speculation. Theoretically, however, these cMTOCs could confer plasticity to the MT nucleation process, and thus, they might facilitate the organization of complex MT arrays in terminally differentiated cells.
Microtubule nucleation at the GA fully relies on complexes containing AKAP450, while that at cMTOCs requires PCNT. One may wonder why complexes containing PCNT and AKAP450 concentrate at the centrosome during interphase in control cells if their contribution to MT nucleation is negligible. Perhaps, the centrosome controls the organization of the cell's MT network in two ways: (i) by recruiting MT-nucleating activities, such as CEP192; and (ii) by sequestering factors necessary for MT assembly elsewhere, such as regulatory components of PCNT complexes for cytoplasmic assembly or of AKAP450 complexes for GA-associated MT nucleation. In this way, the centrosome could control the number of MTs within the cell by suppressing or dampening spontaneous assembly in the cytoplasm or assembly at the GA. In support of this hypothesis, centriole-mediated suppression of MT nucleation in the cytosol was predicted from observations on mitosis in early Caenorhabditis elegans blastomeres [48] . The notion that inhibiting one MT-generating pathway can be compensated by stimulating the activity of another was initially proposed on the basis of the mechanisms that contribute to spindle formation in Drosophila embryo mitosis [44] . However, our data suggest that different MTOCs do not occupy equivalent positions in the regulatory cascade, at least during interphase, and they situate the GA under the control of the centrosome. The dominant role of the centrosome in human cells also agrees with previous observations from cell fusion experiments of mitotic and differentiated intestinal cells performed in C. elegans embryos [49] .
Notably, when all MT nucleation is apparently inhibited (i.e., in cells lacking the centrosome, AKAP450, and PCNT), numerous individual MTs still form throughout the cytoplasm that eventually organizes a MT network. MT generation was significantly delayed by gatastatin in this assay, indicating that c-tubulin is involved in this kind of cytoplasmic MT nucleation. Individual MT cytoplasmic nucleation from single c-TuRCs has been identified as the main mechanism of endoplasmic MT generation in protonemal cells of Physcomitrella patens [50] . We show here that the mammalian cytoplasm also possesses this capacity, although whether it is employed in a physiological context is an exciting question that deserves further study.
A novel view on how the centrosome organizes the MT network at interphase
The global MT network configuration in individual cells is defined by the number of MTs and how these MTs are organized. Here, we provide evidence that the centrosome is not only able to control the distribution of cellular MT-nucleating activity and hence MT organization, but also, it helps maintain the steady-state number of MTs.
We found that in the absence of a centrosome, both in WT cells in which the GA becomes the only MTOC, or in akap450 KO cells in which MTs are nucleated from cMTOCs, the MT density was double that of control cells. In other words, centrosome loss increased the MT number, indicating that centrosomal control of MT number is achieved by down-regulating the MT nucleation capacity of alternative MTOCs. Remarkably, this increase in MT density was prevented by PCNT but not by CDK5Rap2, suggesting a specific role of PCNT in the global regulation of MT nucleation. Overall, our data highlight a new role of the centrosome, namely that of restricting the total amount of assembled tubulin in cells.
It is also important to emphasize that global MT density was not significantly reduced when GA MT nucleation was inhibited, as occurs in AKAP450-depleted cells. Likewise, cells bearing extra centrosomes only slightly increased the number of MTs. Thus, MT number is apparently a robust feature of cells, suggesting that they have the ability to respond to significant modifications in the MT nucleation activity of their MTOCs. The centrosome is the key factor for this exquisite control of MT number, since it is completely lost in the absence of a centrosome. Although pure speculation, one might imagine that inactivation of the centrosome during cell differentiation could release its control over MT number, allowing differentiated cells to create a denser MT network. Indeed, more MTs are detected both in young myotubes [51] and in pancreatic b-cells where they regulate insulin secretion [12] .
MT network changes during cell differentiation
Although there are diverse mechanisms underlying MT reorganization during cell differentiation, dampening the MT-nucleating activity of the centrosome, or even centrosome elimination, is a quite common strategy [9] . In neurons, muscle, or pancreatic cells, MT formation is ensured by Golgi membranes [10] [11] [12] . Inactivation of the centrosome is usually accompanied by shedding PCM components such as c-tubulin, PCNT, CDK5Rap2, or AKAP450. Interestingly, these proteins are associated with Golgi membranes in both differentiated cells [11, 52] and in centrinoneinduced centrosome-less cells (see herein). Again, in both cases, MT nucleation was driven by AKAP450, whereas CDK5Rap2 and, especially, PCNT, had no significant influence [52] . These results suggest that centrinone-treated cells mimic the behavior of naturally occurring centrosome-inactivated differentiated cells. Why centrosome activity must be modified during cell differentiation is another issue. In any case, the constitutive plasticity of MT network organization demonstrated here, both in terms of MT number and sites of nucleation, would permit reorganization when necessary during differentiation.
In summary, this study provides us with an unexpected view of the interphase centrosome in human cells and of how plasticity in the control of the interphase MT network is ensured. In addition to its known role as a MT nucleator, the centrosome also controls MT network organization by dampening MT nucleation at the GA and suppressing it in the cytoplasm, thereby limiting MT formation and acting as a sensor of the overall MT network.
Materials and Methods
Cell culture, antibodies, and treatments Immortalized human pigment epithelial cells hTERT-RPE1 (ATCC) were grown in DMEM/F12 supplemented with 10% FBS at 37°C in 5% CO 2 . hTERT-RPE1 FRT/TO cells were provided by J Pines (Gurdon Institute, Cambridge, UK).
hTERT-RPE1 cells were treated with 125 nM centrinone (kindly provided by K Oegema and A Siau, Ludwig Institute for Cancer Research, La Jolla, CA), for 4-7 days to induce centrosome depletion as previously described [32] . For washout experiments, we treated the cells with centrinone for either 5 days (Fig 4) or 12 h (Fig 7) , and after washout of the drug, cells were maintained for 48 h prior to analysis. Gatastatin was a gift from T. Usui (University of Tsukuba, Japan) and I. Hayakawa (Okayama University, Japan).
For CYTOOchips experiments, control and centrinone-treated cells were seeded on Starter 0 s CYTOOchips (CYTOO SA, Grenoble, France) following the manufacturer 0 s protocol. Briefly, trypsinized cells were diluted to a concentration of 12,500 cells/ml, 50,000 cells dispensed into each micropattern and allowed to sediment for 10 min under the hood before moving them to the incubator. After 45 min, the medium was changed, the coverslip surface was gently flushed, and finally, cells were allowed to spread for 5 h before fixation. SC3-1 and SC3-2 anti-CDK5Rap2 rabbit polyclonal antibodies were generated by Biomedal S.L. (Seville, Spain). To this purpose, constructs containing amino acids 650-900 or 1,400-1,600 of human CDK5Rap2 were inserted into the expression vector pMAB36-6xHis-LYTAG, and the resulting fusion proteins were purified by using the C-LYTAG fusion protein purification system.
Rabbit polyclonal anti-AKAP450 (A24), human sera against GMAP210, and mouse monoclonal anti-CAP350 have been previously described [24, 53] . Rabbit polyclonal anti-PCM1 was from Bethyl laboratories (A301-149A-T). Monoclonal anti-a-tubulin (clone DM1A; T6199), anti-c-tubulin (clone GTU88; T6557), and rabbit polyclonal anti-centrobin (HPA023321) were from Sigma-Aldrich; mouse monoclonal anti-centrin-2 (clone 20H5; 04-1624), rabbit polyclonal anti-CEP63 (06-1292), and rabbit polyclonal anti-CDK5Rap2 (Mi; 06-1398) were from Millipore. Mouse monoclonal anti-EB1 (clone 5/EB1; 610534) and anti-AKAP450 (7/AK; clone 7/AKAP450; 611518) were from BD Biosciences. Mouse monoclonal anti-CNAP-1 (clone F-7, sc-390540) was from Santa Cruz Biotechnology. Rabbit polyclonal anti-GFP (RGFP-45A-Z) was from ICL, rabbit polyclonal anti-CP110 (12780-1-AP) was from Proteintech Group, and rabbit polyclonal anti-AKAP9 (Av; ARP39871_P050) was from Aviva Systems Biology. Rabbit polyclonal anti-CEP135 (ab75005), mouse monoclonal anti-Hsp70 (clone BRM-22, ab6535), mouse monoclonal (Abc-M; mAbcam 28144), and rabbit polyclonal anti-PCNT (Abc-R; ab4448) were from Abcam. Goat polyclonal anti-AKAP450 (Ct-AK; MBS420313) was from MYBiosource.com, and rabbit polyclonal antibodies to pericentrin were from Biomatik (Ct-PCNT; CAU23943) and Covance (Cov; PRB-432C). Human anti-a-tubulin (F2C-hFc2; A-R-H#02), anti-b-tubulin (S11BhFc1; A-R-H#23), and anti-giantin (TA10 hFc2; A-R-H#03) were from the recombinant antibody platform of the Institut Curie. Rabbit anti-CEP192, anti-GM130, and goat anti-CAP350 were generous gifts from L. Pelletier (Lunenfeld-Tanenbaum Research Institute, Toronto, Canada), Y. Misumi (Fukuoka University, Japan), and E. Nigg (Biozentrum, University of Basel, Switzerland), respectively. All secondary antibodies were from Jackson ImmunoResearch. GFP-AK1, GFP-AK2, GFP-AK3, and GFP-AK4 fusion proteins have been previously described [27] . Both DNA and siRNA transfections were performed with Neon Transfection System (Invitrogen) by following instructions from the supplier.
CRISPR/Cas9 mutagenesis of akap450, cdk5rap2, and pericentrin genes in hTERT-RPE1 cells
In order to generate RPE-1 cell lines lacking either AKAP450, CDK5Rap2, or PCNT proteins, we first generated a new plasmid based on the Cas9-nickase-containing plasmid pSpCas9n (BB)-2A-GFP (PX461) (a gift from Feng Zhang, Addgene plasmid # 48140). We introduced in the XbaI site of PX461 a 409 bp DNA fragment containing a hU6 promoter, sgRNA BsaI cloning sites, and a scaffold RNA coding sequence. This fragment was obtained by PCR of pGL3-U6-sgRNA-PGK-puromycin (a gift from Xingxu Huang, Addgene plasmid # 51133) using the primers pFA2 (TCTAGAGAGC GGCCGCCCCCTTCACC) and pFA3 (TCTAGAGTCTCGAGGTCGAGG ATTC). The new plasmid named plFA1 contains the features of PX461, an additional cloning site for an sgRNA coding sequence flanked by a hU6 promoter and a scaffold RNA coding sequence. plFA1 allows the expression of the Cas9n protein and two sgRNAs from a single plasmid, thus increasing the efficiency and the specificity of mutagenesis. Primers for targeting the exon 2 of akap450, the exon 1 of cdk5rap2, and the exon 5 of pcnt were designed and cloned into plFA1 following Feng Zhang Crispr web tools and protocols (http://crispr.mit.edu/). To facilitate the cloning of complementary primer pairs into plFA1, they were designed with overhand ends homologous to the overhands DNA strands generated by the digestion of plFA1 with BbsI or BsaI enzymes. The primer pairs used to generate the sgRNA coding sequences targeting akap450 exon 2 were CACCGAGAAATAACCAGTCATGAGC/AAACGCTCATGACTG GTTATTTCTC (to be cloned into the BbsI sites of plFA1) and CCGGGTTCTCATTATTGTAGATTC/AAACGAATCTACAATAATGAG AAC (to be cloned into the BsaI sites of pLFA1). The sequences of the primer pairs used to generate the sgRNA coding sequences targeting CDK5RAP2 exon 1 were CACCGAAGAGGACGTCACC GTCCCT/AAACAGGGACGGTGACGTCCTCTTC (to be cloned into the BbsI sites of plFA1) and CCGGCAAGTCCATCATGGCTACAG/ AAACCTGTAGCCATGATGGACTTG (to be cloned into the BsaI sites of pLFA1). The primer pairs used to generate the sgRNA coding sequences targeting pcnt exon 5 were CACCGCAACATGCA CACGGCGCAGC/AAACGCTGCGCCGTGTGCATGTTGC (BbsI sites) and CCGGGGCGCAGCGCCTCCAGCTCA/AAACTGAGCTGGAGGCG CTGCGCC (BsaI sites). The final plasmids containing the two sgRNAs coding sequences for targeting each of the genes were electroporated in RPE-1 FRT/TO cells [54] with the Neon Transfection System (Invitrogen) following instructions from the supplier. Positively transfected cells (i.e., expressing the GFP reporter) were selected 48 h after transfection with the cell sorter FACSAria (BD Biosciences) pooled together and maintained. Cells were then analyzed by IF using anti-AKAP450 antibody (A24), anti-CDK5Rap2 antibody (Millipore), and anti-PCNT (Abc-R), respectively, in order to assess the efficiency of the mutagenesis process. Populations with a high frequency of mutant cells (i.e., more than 10% of cells negative for antibody staining) were used to isolate cells in a 96-well plate format to generate clones. Pure clones carrying the mutations were selected by IF and further analyzed. Both RPE-1 PCNT-AKAP450 and PCNT-CDK5RAP2 double KO cell lines were generated based on PCNT KO using the plasmid described before.
In order to sequence the mutated genomic region a fragment of approximately 500 bp covering the targeted area was amplified by PCR with the following primers: akap450- For re-polymerization experiments, MTs were depolymerized with NZ (10 lM) for 3 h. Cells were rinsed five times with ice-cold medium, and regrowth was induced by incubation in pre-warmed medium (37°C). All the MT regrowth experiments were carried out at room temperature. In Fig 6G, after NZ treatment, cells were incubated in culture medium containing DMSO/30 lM gatastatin for 10 min on ice. Cells were then placed in culture medium at 37°C in the presence of gatastatin or the DMSO solvent control and fixed at the indicated time points.
Immunofluorescence and image analysis
Cells were grown on glass coverslips and fixed with cold methanol (6 min at À20°C). Then, cells were incubated with primary antibodies for 1 h at RT, washed with PBS-Tween 0.1%, and incubated with the appropriate fluorescent secondary antibody for 40 min. Nuclei were counterstained with DAPI (1 lg/ml) after secondary antibody labeling.
Confocal images were captured by a confocal Leica TCS SP5 using a HCX PL APO Lambda blue 63 × 1.4 OIL objective at 22°C, and they correspond to maximal projections. Image processing was carried out using the Leica (LAS) and Adobe Photoshop softwares. For presentation, whole images were adjusted for intensity level, contrast, and/or brightness.
Quantification of EB1 comets around the centrosome (Fig 2A  and E) was done in ImageJ as previously described [55] . Briefly, the background signal was subtracted using a rolling-ball radius of 50, a ROI of 3 lm radius was drawn around the CAP350 signal at the centrosome, and EB1 comets were detected with the "Find Maxima" tool. As an alternative approach to measure centrosomal microtubule nucleation (Fig 2C and G) , EB1 fluorescence intensity was measured with MetaMorph Offline software in re-polymerization experiments 3 min after NZ washout. In order to exclude variability in the density of the aster due to time or temperature conditions, all the quantifications of the MT regrowth experiments were done in mixed populations of either WT and KO cells or siRNA scramble and CEP192-transfected cells. For quantification of the fluorescence intensity of AKAP450, CDK5Rap2, PCNT, and c-tubulin at the centrosome (Fig 3) , a similar procedure was used, but a ROI of 1.5 lm radius was drawn around the CAP350 signal.
For quantifying MT nucleation from the GA (Fig 4) , control and centrinone-treated cells were subjected to a 3-min MT regrowth assay, fixed, and labeled for EB1 (green) and giantin (red). Double channel confocal images were analyzed by a customized software developed by Wimasis (Wimasis GmbH, Munich, Germany). For each image, the total number of growing microtubules, the number of MT-nucleating Golgi fragments, and the number of MTs nucleated per Golgi fragment were determined. Finally, single cells were delineated and centrosomes of control cells were also identified and excluded from the analysis. Analysis of MT nucleation from the GA in washout experiments was performed by selecting cells with either 6 or ≥ 8 visible centrioles and dividing them into two categories: cells with or without MT nucleation activity from the GA. Control and centrinone-treated cells were also analyzed for comparison.
Analysis of co-localization between the different markers and the Golgi membranes (Fig 3I) was done by using MetaMorph software. All images from the same experiment were acquired using identical microscope settings and avoiding saturation of the brightest pixels. A threshold was set individually for each channel and applied to all the images. The software calculates the intensity of co-localization between the two channels where both labelings are positive over the threshold. Regions of interest were drawn in the merged image around cells excluding the centrosome and overlaid on the others channels. All the co-localization experiments were done in NZtreated cells. Quantification of EB1 intensity at the Golgi membranes in Figs 2J and 5F was done following the same procedure, but MTs were allowed to polymerize for 3 min. This standard co-localization analysis cannot be used to determine the association between PCM proteins and Golgi fragments in control and centrinone-treated cells (Fig 5) since PCM proteins accumulate as dots juxtaposed but not overlapping with Golgi elements. Alternatively, quantification was performed by manually selecting those Golgi fragments with visible-associated PCM-protein foci and measuring the integrated fluorescence intensity of these spots, after background signal subtraction.
For quantification of MT mass polymer, cell area, and MT density (MT mass polymer/cell area; Fig 7) , images were processed with MetaMorph Offline software. Regions of interest were drawn around cells, and after background subtraction, resulting fluorescence intensities and areas were estimated with the "region measurements" tool. Quantification of EB1 comets/cell in z-projected images was done in ImageJ as described for Fig 2A. 
FACS analysis
Cells were collected by centrifugation, washed with PBS, and fixed in 70% ethanol at À20°C for at least 1 h. The analysis was done on a BD FACSCalibur flow cytometer (Becton Dickinson, USA). Forward scatter (FSC-H) was used as a measure of the cell size.
Statistical analysis
Quantitative data are expressed as mean AE SD. Alternatively, data values between 10 th and 90 th percentiles are displayed either in scatter or box-and-whisker plots. Significant differences among groups were evaluated by unpaired two-tailed Student's t-test or one-way ANOVA followed by Tukey or Dunnett 0 s multiple comparison tests, as appropriate (GraphPad Prism software) and indicated when relevant.
Expanded View for this article is available online.
